A comprehensive fault analysis of CNC machine tool is conducive to improving its reliability. Due to the highly complex structure of CNC machine tool, there are different degrees of coupling relationship between faults. However, the traditional fault analysis methods (FMEA, FTA, etc.) for CNC machine tool do not solve this problem perfectly. Therefore, we propose a coupling fault propagation model based on meta-action. First, in order to simplify the structural complexity of CNC machine tool, the "FunctionMotion-Action (FMA)" decomposition structure is used to decompose the product function into simple meta-action, and the numerical matrix is used to quantify the coupling relationship between the meta-actions. Then, based on the fault transfer characteristics of meta-action, the fault propagation model is established, and the global risk effect (GRE) is combined to realize the comprehensive evaluation of the risk criticality of meta-actions. Finally, the rationality and validity of the method are verified by the case analysis of the automatic pallet changer (APC) of computerized numerical control (CNC) machining center.
Introduction
Coupling fault analysis of CNC machine tool plays an important role in the early design phase of product. In recent decades, in order to meet people's needs, the product has been continuously improved in terms of function, which means that the function of product will become more powerful and the structure becomes more complicated than before. Meanwhile, there is an indeterminate coupling relationship between subsystems and subsystems, or between units and units, thus forming a complex coupling propagation process, which brings certain difficulties to product design engineers. Commonly used reliability analysis methods include FMEA [1] [2] [3] , FTA [4, 5] , Bayesian [6, 7] , Markov [8, 9] , and Petri net [10, 11] . These methods mainly judge fault behavior based on single index such as failure rate, risk value, and fault propagation probability, and they analyze each event as an independent event. However, in actual engineering problems, most of the occurrence of a fault has an interaction [12] . Therefore, the traditional methods cannot identify the interaction between faults, so that correct corrective measures cannot be taken, resulting in repeated faults in the use of products, thus reducing the reliability of product.
For CNC machine tool, coupling refers to a phenomenon in which two or more forms of motion interact with each other [13] . The research of coupling analysis originated from project management and planning in 1950 [14] . Coupling analysis includes direct coupling and indirect coupling. Simply put, direct coupling means that there is no contact between two motion units; the interaction between two motion units is directly affected by each other, for example, worm gear and worm. On the contrary, indirect coupling is the contact of one or more units between two units, thus forming a coupling propagation network diagram.
CNC machine tool is one of the typical products of complex electromechanical products. In fact, the fault of CNC machine tool is caused by the joint influence of multiple components. Most of the faults in engineering 2 Complexity have interactions, even intricate. Furthermore, coupling fault strength is also inconsistent, since the coupling strength directly reflects the priority of fault, which brings trouble to the engineering designer in the decision-making of product design improvement. At present, the coupling fault propagation analysis of complex electromechanical product has become a focus of academic research [15] [16] [17] . For example, Lin et al. [18] established a fault propagation model based on the historical data of high-speed train bogie system and analyzed all possible fault propagation paths and the probability of occurrence of each path after propagating each fault node. Zhang et al. [19] established the fault propagation directed graph model of CNC lathe subsystem and calculated the fault propagation strength of each subsystem and determined the fault source of CNC lathe. Long et al. [20] established the fault transfer directed graph of system by combining the relevant fault mechanism analysis with graph theory and evaluated the fault correlation degree of each subsystem of machining center by PageRank algorithm. Li et al. [21] established a fault propagation model based on small world clustering characteristics and analyzed the fault propagation path and key nodes of complex electromechanical system. The above literature has contributed to the analysis of coupling fault propagation of complex electromechanical product. However, the current research still has the following problems:
(1) they all only conduct propagation analysis based on the coupling relationship between subsystems and subsystems or components and components; for the current complex electromechanical products coupling fault propagation analysis, it does not combine its own structural characteristics; (2) it is incomplete to locate the fault simply by using the probability index of fault propagation; the reason is that the actual engineering is not just to judge the risk priority from the perspective of probability, such as severity and detection; and (3) due to the complex coupling relationship between faults, it is necessary to further reasonably express and quantify the coupling relationship and degree between faults.
However, the design structure matrix (DSM) was developed by Steward in 1981 [22] . It is an n-order square matrix and is used to display the interaction of elements in the matrix, which is conducive to visual analysis of complex product. Therefore, it is an effective tool to deal with the coupling problem of engineering [23, 24] . Later, in order to quantify the coupling relationship in the matrix, some scholars effectively solved the coupling degree between the coupling factors [25] [26] [27] . In order to solve the complexity in the coupling analysis, matrix can be widely used by virtue of its own expression and operation [28, 29] .
To solve the above problems, based on the DSM and expert knowledge, this paper proposes a risk analysis framework for CNC machine tool coupling fault propagation based on meta-action. Firstly, the author's lab team put forward a concept of meta-action, which divides product function into motion units by structural decomposition of "Function-Motion-Action (FMA)". Then, the coupling fault relationship of meta-actions is identified and propagated to determine the specific weak motion unit. Secondly, in the process of fault propagation, AHP is a good choice to rationally quantify uncertainty. Finally, in order to solve the risk priority evaluation of traditional single index, on the basis of Fang [27] , the fault characteristics of CNC machine tool are fully combined, and the global risk effect (GRE) is introduced on the basis of the criticality after propagation, so as to achieve a more comprehensive risk priority analysis.
The main contents of this paper are organized as follows. In Section 2, the relevant research methods are introduced, such as meta-action, fault network model, and fault propagation model. In Section 3, the flow chart of the proposed method is introduced. In Section 4, a case analysis of the automatic pallet changer (APC) of CNC machining center (THM6380) is given, and the numerical results are compared with the traditional method. Section 5 gives the conclusion.
Related Work

Meta-Action.
The most basic form of motion that conveys power in a mechanical product is called meta-action [30, 31] .
FMA Structural Decomposition.
A commonly used method of mechanical product decomposition is based on functional decomposition (FBS) [32, 33] . The FBS method is for the part at the last node of the decomposition. Although the analysis of the system structure is simplified, the decomposition process has subjective randomness. In addition, since the single part itself is static, most of faults are caused by motion and power transfer between the parts when performing fault analysis on the machine system. Hence, the traditional static attributes of parts are not conducive to the dynamic analysis of fault.
However, The FMA structural decomposition method is a function-to-motion mapping and a motion-to-action mapping based on the transmission path of the machining motion. The advantage of this method is that the motion units of product can be reasonably divided based on the controllable and analyzable minimum granularity of "metaaction", so that the fault analysis of product can be carried out quickly and accurately. The decomposition process is shown in Figure 1 .
Meta-Action Fault Characteristics.
To some extent, due to the intricate structure of the CNC machine tool, the indirect influence caused by a meta-action fault forms a complex fault effect network diagram. It is worth noting that if there are multiple effects on the same meta-action, then the failure probability of this meta-action is even greater. In general, meta-action fault generally have the following basic characteristics:
(1) Hierarchy: as can be seen from the decomposition tree of Figure 1 , the meta-action is the lowest component units, and each layer is composed of meta-actions, so the occurrence of fault will inevitably affect the normal operation of other layers.
(2) Propagation: since the meta-action can only run by relying on the interaction of each unit, as long as a certain meta-action fails, the contact units must be affected, which may be multilayer, as shown in Figure 2 . S i g n i fi c a n t M e d i u m L o w 7 Major Moderately high Slight 8 E x t r e m e H i g h V e r ys l i g h t 9
S e r i o u s V e r yh i g h R e m o t e 10 Hazardous Almost certain Almost impossible (3) Uncertainty: the coupling strength between each meta-action cannot be completely quantified, and it needs to be judged by expert experience.
Qualitative classification of failure mode grades for metaaction is shown in Table 1 .
Global Risk Effect (GRE).
Generally, the traditional fault propagation methods for CNC machine tool are mostly based on the occurrence probability of fault and locate the cause of fault according to the occurrence probability of fault. However, only considering the occurrence probability of fault cannot fully reflect the comprehensive information of fault. For example, the occurrence probability of metaaction A1 fault is larger than that of meta-action A2 fault, but the effect of meta-action A1 fault is much smaller than that of meta-action A2 fault. Obviously, it is unreasonable that meta-action A1 has a higher risk level than meta-action A2. Therefore, combined with the characteristics of CNC machine tool fault diagnosis, the weight factor is added on the basis of the traditional FMEA method and the GRE is proposed. Compared with the traditional FMEA method, the GRE can not only identify the most vulnerable components in the system by analyzing various data of fault, but also consider the effect of three variables on the whole, as shown in formula (1). DSM method proposed by Steward is widely recognized for identifying the coupling relationship between units [36] . The relationship between faults is represented by a binary DSM. When = 1( , = 1, ⋅ ⋅ ⋅ , ; ̸ = ), it means that there is an interaction between two meta-actions. In the matrix, the rows represent the input of information and the columns represent the output of information. The matrix diagram can be converted into a directed graph, and the direction arrow means the relationship of each meta-action fault, as shown in Figure 2 .
Quantification of Fault Intensity. Fault Numeric Matrix (FNM) is a qualitative to quantitative evaluation process.
This process is conducive to evaluating and measuring the strength of the connection between faults, so as to provide more detailed fault network information. The Analytic Hierarchy Process (AHP) was proposed by Saaty [37] in 1980. It constructs a judging matrix by comparing the factors in pairs, and assigns the relative importance of the judgment matrix on a scale of 1 to 9. The quantization scale is shown in Table 2 . The method can effectively quantify the fault interaction and obtain the correlation matrix. Then, according to the coupling fault of meta-actions, the FNM is divided into column (output) matrices and row (input) matrices, and their eigenvectors are calculated, respectively, so that the numerical effect matrix (NEM) and numerical cause matrix (NCM) are composed of eigenvectors [25] . The FNM is expressed by formula (2) .
In addition to calculating the coupling strength of fault (i.e., the transition probability), there are two parts in the evaluation stage, namely, the spontaneous probability of fault and the effect of fault. Spontaneous probability of fault (S) refers to the probability that a motion unit can fail itself without being affected by other units. As shown in Figure 2 , the occurrence of A 6 fault is only related to its own spontaneous probability. However, A 4 fault may come from its own spontaneous probability and the transition probability between A 5 fault and A 6 fault. Fault effect (E) refers to the degree of influence on the system caused by the fault of a certain meta-action, including severity (S), occurrence (O), and detection (D). Their mathematical product is equal to E, as shown in formula (3).
where O is the frequency index, S is the severity index, and D is the detection index.
In the E calculation, the score of each parameter is 1 to 10, as shown in Table 1 . In general, the higher the E of a metaaction fault, the higher the fault level.
Fault Propagation
Model. In this study, the effect of coupling fault between meta-actions is fully considered. Moreover, the propagation of meta-action in fault network is evaluated. In order to calculate risk propagation in fault network, the following assumptions are given:
(1) If the number of interaction between a meta-action and other meta-actions reaches two or more, it means that it is more susceptible to other causes. Hence, the frequency of fault is cumulative under the condition that the fault is subject to different influences [12] .
(2) In the process of analysis, the transition probability in FNM matrix will not change; that is, other fault factors are not considered except the interaction in the fault network diagram.
Matrix representation can not only visualize the coupling relationship, but also deal with multidimensional data problems through matrix operation. As shown in Figure 2 , A 6 fault can trigger A 1 fault through three paths, namely,
It can be found that the propagating steps corresponding to these three paths are 2, 3 and 4, respectively. The risk propagation of the initial state probability vector is equal to ⋅ after the propagation in stage i. If only i propagation steps are considered, and the fault probability vector ( ) is obtained by combining the assumption of the fault cumulative frequency, as shown in formula (4).
where B denotes the transition probability matrix, S means the spontaneous probability vector of fault, P(A i ) represents the fault probability vector, and I is the identity matrix.
In the infinite propagation steps of fault, it can be defined as
Multiply both sides by (I-B)
Usually it satisfies Consequently, the evaluation formula of fault probability is as follows:
Besides, after calculating the fault probability vector, it is necessary to further evaluate the risk criticality. Considering all the potential consequences of each fault in the fault network diagram, the risk criticality is equal to the sum of the product of fault probability and effect.
Subsequently, in order to evaluate the effect of metaaction ( = 1, 2, ⋅ ⋅ ⋅ , ) fault on other units in the whole fault network diagram, the spontaneous probability of ( = 1, 2, ⋅ ⋅ ⋅ , ) fault is assigned to 100%, while the initial probability of other meta-actions is assigned to 0%, that is, the initial vector = . Formula (10) gives the evaluation of risk criticality.
where is the ith column in the identity matrix and ( ) is the risk criticality vector of meta-action fault
Meta-Action Comprehensive Risk Criticality (CRC).
Since the criticality after fault propagation only expresses the result of a faulty node under the joint influence of multiple other nodes, as can be seen from Section 2.3 of Section 2, according to the actual situation of engineering, the risk effect of each meta-action is different. Hence, the mathematical product of global risk effect GRE(A i ) and criticality after propagation ( ) is defined as meta-action comprehensive risk criticality ( ).
A Framework for Risk Analysis of Coupling Fault Propagation Based on Meta-Action
In order to solve the problems in the literature, this paper presents a meta-action-based risk analysis method for coupling fault propagation. According to the form of motion, it can simplify the CNC machine tool to the most basic motion unit (i.e., meta-action). Meanwhile, the interaction of meta-action fault is identified, quantified, propagated, and evaluated. Figure 3 gives an overview of the method. The main differences between the special attributes of each method are shown in Table 3 . It can be found that the proposed method makes up for the shortcomings of the traditional method and effectively performs a more accurate risk ranking for CNC machine tool, so as to provide reference for managers in fault management and maintenance. The proposed method can be divided into the following steps.
Step 1. Since the function of the mechanical product is realized by the relative motion between the components, the product is decomposed into meta-actions in the form of "function-motion-action".
Step 2. The DSM is used to identify the coupling relationship between meta-actions, and the directed graph of fault network is obtained.
Step 3. The AHP is used to transform the DSM into a FNM to quantify the interaction of meta-actions fault.
Step 4. Calculate the global risk effect (GRE) of meta-actions.
Step 5. Establish a mathematical model of fault propagation and calculate the risk criticality of meta-actions fault after propagation.
Step 6. Combine the criticality after propagation with the GRE to realize a comprehensive analysis of the risk priority of meta-actions. Figure 4 : THM6380 machining center.
Case Analysis
As shown in Figure 4 , it is a THM6380 machining center. It features high speed, high efficiency, and high precision. The advantages in processing are obvious, especially in the fields of automobile, aviation, and ship industry. In order to reduce downtime caused by fault, improve production efficiency and provide guidelines for maintenance decisionmaking. Therefore, this paper analyzes the coupling fault propagation of its automatic pallet changer (APC) to verify the feasibility and effectiveness of the method.
FMA Decomposition of APC.
The APC is a typical function of the whole machine. The APC is decomposed into 12 meta-actions by FMA, as shown in Figure 5 . Each metaaction is the most basic motion unit to ensure the normal operation of the APC. The normal exchange of workpieces depends on the specified motion between the meta-actions. According to the historical fault data, the failure mode of the meta-actions is obtained, as shown in Table 4 . The failure mode can be used as the basis for evaluating the effect of the meta-actions fault. In general, the higher the failure mode level, the more serious the meta-action fault and the wider the fault propagation range.
Meta-Action Interaction Identification.
In order to further analyze the coupling characteristics of the meta-actions of APC, the coupling relationship between the 12 metaactions is identified by the experience of experienced designers and experts, and the correlation matrix which characterizes the coupling relationship of the meta-actions is constructed. The correlation matrix is transformed into a fault network directed digraph to visualize the propagation paths and steps of meta-actions fault, as shown in Figure 6 . Table 4 : Meta-actions and corresponding failure modes.
Code
Failure mode A 1 No action A 2 Rising instability
The exchange noise is large (2) Inappropriate motion A 4 No action A 5 Rotary Instability A 6 Abnormal sound A 7 Abnormal sound A 8 (1) the exchange noise is large (2) Inappropriate rotation A 9 No action A 10 Slow motion A 11 Insufficient contractility
Uncertainty Quantification of Coupling Matrix.
Firstly, a pairwise comparison matrix is established for each row in Figure 6 , and the comparison index is the coupling unit of the corresponding row. Then, the eigenvectors corresponding to the maximum eigenvalue are calculated by AHP. Besides, the consistency test is performed for each eigenvector calculation, namely, < 0.1. Finally, NEM composed of eigenvectors of all rows is obtained. Similarly, NCM can also be calculated. As a result, the FNM is calculated by substituting NEM and NCM into (2), which is represented by matrix B. Table 5 . The fault scores of the meta-actions are obtained by combining historical fault data and expert experience, as shown by formulas (13) , (14) , and (15). 
= [3, 7, 4, 3, 7, 5, 5, 4, 3, 4, 2, 3] 
Substituting formulas (13) , (14) , and (15) 
Here, the score of E represents the potential effect of each meta-action fault. By substituting S and B into formula (8) , the probability vector of each meta-action fault can be calculated. 
Then, the risk criticality after propagation of the metaactions fault is calculated by formula (10 
Each meta-action is prioritized and compared with the traditional fault analysis results, as shown in Table 6 .
Compared with the traditional method, the risk priority ranking of each meta-action after propagation has changed. The reason is that in the fault network of Figure 6 , A 2 , A 3 , A 5 , A 6 , A 7 , A 8 , and A 10 are all used as a coupling node; that is, the coupling nodes will be affected to varying degrees when other meta-actions fail, and this effect depends on the degree of coupling between them. Therefore, their priority ranking is relatively high, and the meta-actions corresponding to these coupling nodes can be regarded as weak links. In addition, A 1 , A 4 , A 9 , A 11 , and A 12 have fewer interaction paths in the fault network graph, so their priority ranking is lower. In addition, the ranking of A 2 and A 7 , A 9 , and A 11 has changed compared with the method in reference [27] , that is, A 2 > A 7 , A 9 > A 11 . The reason is that the factors of global risk effect (GRE) are fully considered. According to the weights distribution of the three indicators (i.e., S, O, and D) of each fault, the impact of each fault on the overall ranking is comprehensively obtained.
In order to control the fault caused by the coupled fault node, the meta-actions of the more complex coupled nodes should be selected as the key control objects of the fault, namely, A 5 , A 8 , A 6 , and the regular maintenance should be strengthened. That is to say, when they do not fail, the failure frequency of other meta-actions is counted. Then, intercept the same time operation fault data, and the maintenance data before and after control are compared and analyzed, as shown in Figure 7 .
As can be seen from Figure 7 , the failure frequency of meta-actions has been significantly improved except for A 9 , A 10 , and A 11 when A 5 , A 8 , and A 6 are taken as the key control objects of coupling fault. The reason is that the coupling relationship between the three control objects and A 9 , A 10 , A 11 is very weak, and their failure frequency does not depend on the coupling relationship. On the contrary, as can be seen from Figure 6 , the failure of other meta-actions is likely to be caused by their interrelationship. Therefore, it is proved that the risk ranking obtained by this method is reasonable, and the analysis result in Table 6 is beneficial to fault maintenance.
Conclusion and Prospects
For the fault analysis of CNC machine tool, the traditional methods (FTA, FMEA, etc.) cannot measure the fault effectively and accurately. Therefore, this paper proposes a new method based on meta-action for risk analysis of coupling fault propagation of CNC machine tool. Firstly, the AHP is used to quantify the coupling degree of meta-actions, and the coupling degree is expressed by transferring probability, which makes up for the deficiency of traditional fault analysis. Secondly, in order to accurately evaluate the fault propagation result with different propagation steps and paths, a coupling fault propagation model is established. Finally, combined with the GRE and the criticality after propagation, the comprehensive risk ranking of the criticality of meta-actions is realized. The research result shows that the method can reasonably evaluate the risk criticality of meta-action fault under the condition of coupling relationship.
By applying the fault propagation model to the APC of the machining center, we can find some conclusions based on the results of the fault propagation analysis: (1) due to the interaction and propagation of meta-actions fault, the fault level of meta-actions has changed, and the range of change depends on the coupling strength and the number of propagation paths, (2) since the fault propagation is cumulative, this results in different ranking gaps between metaactions, (3) the GRE makes minor adjustments to certain fault ranking, but it does not affect critical fault ranking. Therefore, according to the criticality analysis result of the meta-actions, it is necessary to strengthen the maintenance and regular replacement of meta-actions with higher criticality to avoid the occurrence of fault.
It is well known that coupling fault is a critical and complex problem in mechanical product, and there are a large number of uncertainties in the coupling relationship. Therefore, the construction of experimental platform is the focus of future research.
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